In Mexico mycetomas are mostly produced by Nocardia brasiliensis, which can be isolated from about 86% of cases. In the present work, we determined the sensitivities of 30 N. brasiliensis strains isolated from patients with mycetoma to several groups of antimicrobials. As a first screening step we carried out disk diffusion assays with 44 antimicrobials, including aminoglycosides, cephalosporins, penicillins, quinolones, macrolides, and some others. In these assays we observed that some antimicrobials have an effect on more than 66% of the strains: linezolid, amikacin, gentamicin, isepamicin, netilmicin, tobramycin, minocycline, amoxicillin-clavulanic acid, piperacillin-tazobactam, nitroxolin, and spiramycin. Drug activity was confirmed quantitatively by the broth microdilution method. Amoxicillin-clavulanic acid, linezolid, and amikacin, which have been used to treat patients, were tested in an experimental model of mycetoma in BALB/c mice in order to validate the in vitro results. Linezolid showed the highest activity in vivo, followed by the combination amoxicillin-clavulanic acid and amikacin.
Mycetoma is an important cause of dermatological consultation in many tropical and subtropical countries (17) . Therapy for mycetoma caused by Nocardia brasiliensis has traditionally been based on the use of sulfonamides, such as dapsone, DDS, sulfamethoxypyridazine, and sulfadoxine (10, 11, 15, 16, 37) . Streptomycin in combination with dapsone or trimethoprimsulfamethoxazole (SXT) has also been used to treat patients with actinomycetomas, particularly those cases produced by Streptomyces somaliensis (19) , with a cure rate of about 63.2%. More recently, the use of SXT for the treatment of actinomycetoma has been reported (18, 25, 36) . In our dermatology clinic we have used the combination amikacin-SXT to treat severe cases of mycetoma or those cases involving subjacent organs and have obtained a cure rate of about 95% (36; O. Welsh, and L. Vera-Cabrera, Abstr. 15th Cong. Int. Soc. Hum. Anim. Mycol., abstr. 354, 2003) . However, in many cases the use of these drugs may run the risk of development of bacterial resistance or side effects (21, 37) ; therefore, it is important to assay other drugs in order to select more potent, less toxic antimicrobials.
Considering this background, we have begun to evaluate in vitro and with an experimental murine model the activities of alternative antimicrobials for the treatment of actinomycetoma caused by N. brasiliensis.
MATERIALS AND METHODS

Microorganisms.
In this work, we used 30 strains of N. brasiliensis isolated from patients with mycetoma referred to our clinical dermatology department. Since a subtaxon of N. brasiliensis, N. pseudobrasiliensis, has recently been described, we took care to include only N. brasiliensis sensu stricto strains in this study. The strains were identified by conventional biochemical tests (22) , and their identities were confirmed by DNA sequencing of a region located between nucleotides 70 and 334 of the N. brasiliensis 16S RNA gene (GenBank accession number Z36935). This fragment was amplified with primers NOC-3 (5Ј-ACG GGT GAG TAA CAC GTG-3Ј) and NOC-4 (5Ј-AGT CTG GGC CGT GTC TCA GTC-3Ј), which are specific for sequences located in conserved areas, although DNA sequencing of some internal regions allowed us to differentiate most of the Nocardia species.
The strains were grown on Sabouraud dextrose agar for 7 to 10 days, and a suspension of each strain was made in 20% skim milk. These bacterial suspensions constituted our stock cultures, which were kept at Ϫ70°C in cryovials until use.
Disk diffusion method. The N. brasiliensis strains were grown on Sabouraud agar for 7 days at 30°C, and several colony fragments were transferred to a sterile test tube. The bacterial mass was ground with a glass stick, and approximately 2 ml of saline solution was then added. The suspension was centrifuged at 100 ϫ g for 10 min; and the turbidity of the supernatant, which mainly contained short fragments and nocardial cells, was adjusted to that of the 0.5 McFarland standard. One milliliter of this suspension was added to a 150-mm petri dish with Mueller-Hinton agar supplemented with 5% blood agar. After the plate surface was dry, paper disks containing the antimicrobials were placed on it, and the plates were incubated at 37°C for 3 days. The inhibition zone diameters were measured at the end of this incubation period. Fine growth or haze was ignored when the readings were made. The interpretation was based on the NCCLS guidelines for gram-positive organisms, since there are no approved NCCLS guidelines for Nocardia. The following antimicrobials were used in this study: amikacin (30 g), amoxicillin-clavulanic acid (20/10 g), ampicillin (10 g), carbenicillin (100 g), ceftazidime (30 g), imipenem (10 g), ceftriaxone (30 g), netilmicin (30 g), ticarcillin-clavulanate (75/10 g), SXT (1.25/23.75 g), erythromycin (15 g), ciprofloxacin (5 g), and tetracycline (30 g) were purchased from Becton Dickinson (Cockeysville, Md.). Aztreonam (30 g), cefamandole (30 g), cefotiam (30 g), cefpirome (30 g), cefsulodin (30 g), ceftiofur (30 g), enoxacin (10 g), gentamicin (10 g), isepamicin (30 g), kanamycin (30 g), moxalactam (30 g), amdinocillin (10 g), minocycline (30 g), nitroxolin (20 g), ofloxacin (10 g), oxolinic acid (10 g), pefloxacin (5 g), pipemidic acid (20 g), piperacillin-tazobactam (100/10 g), pristinamycin (15 g), spectinomycin (100 g), spiramycin (100 g), streptomycin (10 g), teicoplanin (30 g), tobramycin (10 g), and virginiamycin (15 g) were obtained from Sanofi Diagnostics Pasteur (Marnes-la-Coquette, France). Levofloxacin (5 g) and cefepime (30 g) disks were obtained from Productos Biológicos de México, S.A. (Mexico City, Mexico). Linezolid was kindly donated by Pharmacia Upjohn (Kalamazoo, Mich.), and disks containing 30 g of the drug were prepared in-house.
Broth microdilution method. Amikacin, amoxicillin, gentamicin, netilmicin, spiramycin, trimethoprim, sulfamethoxazole, tobramycin, carbenicillin, minocycline, and nitroxolin were purchased from Sigma Chemical Products (St. Louis, Mo.). Isepamicin was obtained from Schering-Plough (Mexico City, Mexico). Premade amoxicillin-clavulanic acid (2:1; Augmentin) plates for MIC determinations were obtained from Dade Microscan (West Sacramento, Calif.). The linezolid MICs for the N. brasiliensis isolates included in this study have been reported elsewhere and therefore were not determined in the present work (30) .
The broth microdilution method that we used has been described before (6, 7, 30) . Briefly, we used fresh colonies on Sabouraud agar (7 days old) to prepare the inoculum. The bacterial suspension was diluted to obtain a solution with a final concentration of 1 ϫ 10 4 to 5 ϫ 10 4 CFU per well in 0.1 ml. This solution was added to microplate wells (Microtest Primaria; Becton Dickinson and Co., Franklin Lakes, N.J.) containing an equal volume of broth and serial dilutions of the drugs to be tested. As a growth control we inoculated in the same way a well containing cation-adjusted Mueller-Hinton broth without drug. After 3 days of incubation at 35°C, the plates were read and the MIC was determined as the lowest concentration of drug that totally inhibited nocardial growth. For the sulfonamides we considered the MIC to be the lowest concentration that inhibited 80% of the growth compared with the growth in the control well. We used Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 29213 as external controls. All the antimicrobials except SXT were tested at concentrations of 0.25 to 64 g/ml. The combination of trimethoprim and sulfamethoxazole (which were used at a ratio of 1:20) was tested at concentrations ranging from 0.3/0.015 to 152/8 g/ml.
Combination assays. We used a previously described (8) checkerboard method to determine the effects of the combinations of two drugs on N. brasiliensis,. Briefly, the drugs to be tested were diluted twofold from column 1 to column 10 of each microplate well. Twofold dilutions of drug B were then added to rows 1 to 8 and the wells were inoculated with 10 l of the inoculum (1 ϫ 10 4 to 5 ϫ 10 4 CFU per well). The plates were incubated at 35°C for 3 days. In order to better visualize the presence of growth, Alamar blue was added to the plates. The fractional inhibitory concentrations of each combination were then calculated.
Experimental therapy for mycetoma caused by N. brasiliensis in BALB/c mice. Experimental mycetoma was produced by injecting 20 mg (wet weight) of a N. brasiliensis suspension into the left hind footpad of female BALB/c mice (age, 6 to 8 weeks) (12) . The mice were divided into groups of 15 animals each, and 1 week later, the drugs were administered subcutaneously at a dose of 25 mg/kg of body weight twice a day for 4 weeks. A control group of animals was inoculated with saline solution.
Ninety days after inoculation the mycetoma lesions were scored from 0 to 4ϩ, depending on the level of development of the mycetoma lesions, from the presence of minimal or no inflammation to the extensive formation of abscesses, respectively (Fig. 1) .
Statistical analysis. The analysis of variance (ANOVA) test was applied to determine significant differences among the experimental groups.
RESULTS
Disk diffusion method.
A total of 44 antimicrobials belonging to different chemical groups were tested (Table 1 ). All aminoglycosides with the exception of kanamycin and streptomycin were active against 100% of the strains; kanamycin and streptomycin were active against less than 5% of the strains. Minocycline was also very active (93%), while tetracycline showed a low level of activity (38%). Beta-lactams did not show good activities against the N. brasiliensis strains unless they were combined with beta-lactamase inhibitors, in which case a significant increase in activity was observed, particularly when the combination of amoxicillin and clavulanic acid was used. As expected, SXT was active against most of the strains. Two other compounds, nitroxolin and spiramycin, were active against more than 60% of the strains. Antimicrobials in the cephalosporin, macrolide, carbapenem, and quinolone groups had no activity or only low levels of activity against the N. brasiliensis strains tested.
Linezolid is known to be highly active against N. brasiliensis (7, 30). We included this drug in the disk diffusion assays because the inhibition zone diameters achieved with this drug have not yet been reported. All the strains tested were sensitive to linezolid (MIC at which 90% of strains tested are inhibited [MIC 90 ], 2 g/ml; MIC 50 , 1 g/ml) (30) and showed large inhibition zone diameters (range, 30 to 42 mm; mean Ϯ standard deviation, 37 mm).
Broth microdilution method. Antimicrobials with activities against more than 60% of the strains tested were assayed by the broth microdilution method ( Table 2 ). The MICs of amikacin, gentamicin, amoxicillin-clavulanic acid, and SXT were under the breakpoints established for Nocardia spp. for all the N. brasiliensis strains tested (6, 24) . Although the breakpoints for isepamicin and netilmicin for Nocardia have not yet been established, the MICs of the two drugs for the N. brasiliensis strains were under the breakpoint for amikacin and the strains can probably be considered sensitive to the two drugs. Nitroxolin and spiramycin also showed good activities against the clinical isolates.
In our study most of the strains were resistant to ceftriaxone in the disk diffusion assays; however, since other investigators have published data supporting the sensitivity of N. brasiliensis to this cephalosporin (6, 7, 33), we included this drug in the broth microdilution assays. The cumulative MICs of amoxicillin-clavulanic acid, amikacin, and ceftriaxone for the N. brasiliensis isolates are presented in Fig. 2 . When a breakpoint of 8 g/ml for the three antimicrobials was considered (24), ceftriaxone was the least active of the three, with less than 50% of the strains being intermediate or resistant to this drug.
Assays with drug combinations. Given that combination therapy seems to work better for actinomycetoma, we selected amikacin, SXT, amoxicillin-clavulanic acid, and linezolid to determine the effects of combinations of these drugs on N. brasiliensis. Table 3 shows that some of the combinations tested, particularly amoxicillin-clavulanic acid in combination with linezolid, had synergistic activities. None of the combinations had a remarkable synergistic effect against the clinical isolates. Effects of the drugs on the natural course of N. brasiliensis mycetoma in BALB/c mice. By the methodology used to infect the animals, mycetoma lesions appeared as early as 1 month after the initial inoculation. We monitored the infections for up to 9 months and observed that after 90 days (data not shown) the mycetoma lesions that had formed did not heal spontaneously; on the contrary, they continued to grow and formed very large, deforming mycetomas.
The results of the study of the effects of 4 weeks of therapy on the development of mycetoma in BALB/c mice are shown in Table 4 . We observed the production of 4ϩ lesions in 9 of 15 animals injected with saline solution. Only two animals in the group treated with linezolid had 4ϩ lesions. When the results were analyzed by the ANOVA test (Fig. 3) , the results for the group treated with linezolid were significantly different from those for the control group. The results for the animals treated with amikacin and amoxicillin-clavulanate were intermediate.
DISCUSSION
Many in vitro studies of the sensitivities of Nocardia to antimicrobials have been reported; however, in most of them the investigators have used N. asteroides or other Nocardia species as the test organism or have included few (n Ͻ 20) N. brasiliensis strains (2, 3, 4, 5, 29, 31, 34, 35) . In the present work we studied the sensitivities of local N. brasiliensis strains to a wide range of antimicrobials. We observed that the strains were particularly sensitive to aminoglycosides, including the recently developed aminoglycoside isepamicin. In our 20 years of experience in treating mycetoma with the combination amikacin-SXT, most of the N. brasiliensis actinomycetoma cases have been sensitive to this combination therapy; one patient, however, was successfully treated with netilmicin (Welsh and Vera-Cabrera, Abstr. 15th Cong. Int. Soc. Hum. Anim. Mycol.). Sisomicin and netilmicin are structurally different from the rest of the aminoglycosides; therefore, the existence of cross-resistance between amikacin and netilmicin is less probable, which correlates with this clinical observation. No other aminoglycosides have been used in clinical trials, but because of the high degrees of sensitivity of the N. brasiliensis strains to these agents, these antimicrobials, particularly the less toxic compounds, such as isepamicin and arbekacin, could potentially be useful for the treatment of actinomycetoma (21) .
The beta-lactams were poorly active in our study; one of the penicillins tested, carbenicillin, was active against only 3.4% of the N. brasiliensis clinical isolates. In contrast, Wallace et al. (32) , who also used the disk diffusion technique, found that 100% of the N. brasiliensis strains tested (n ϭ 29) were sensitive (inhibition halo, more than 16 mm). Under our conditions (carbenicillin disk of 100 g), 16 strains did not produce any inhibition zone at all, and only 5 strains showed an inhibition zone of more than 16 mm. These results were confirmed with our quality control strains, E. coli ATCC 25922 and Staphylococcus aureus ATCC 29213, and suggest the existence of differences in the sensitivities of N. brasiliensis strains to the antimicrobials, depending on the geographical source. Differences in sensitivity results for cefotaxime and ceftriaxone between our study and previous studies were also found. These drugs have been reported to be active against 100% of the N. brasiliensis strains tested (6, 20, 33) ; however, in the present work these drugs did not have remarkable activities, and in the case of ceftriaxone, more than 50% of the strains were intermediate or resistant by the broth microdilution method. Cefotaxime was of particular interest; 37% of the strains tested (data not shown) presented no inhibition halo in the disk diffusion assays, while the rest of the isolates presented large zones of inhibition (range, 11 to 52 mm; mean, 23.6 mm). It is possible that the species N. brasiliensis contains subspecies, as has been demonstrated before for the species formerly known as the N. asteroides complex (38) , although this possibility was not studied further.
Increases in sensitivity were observed when beta-lactams were tested in combination with a beta-lactamase inhibitor, particularly with the combination amoxicillin-clavulanic acid. This in vitro finding has been reported previously (33) , and on the basis of these data, amoxicillin-clavulanic acid has successfully been used as treatment for a few cases of cutaneous N. brasiliensis infection (9, 26, 39) . However, more extensive clinical trials should be carried out since the combination amoxicillin-clavulanic acid is not active in vitro against 100% of strains, and secondary resistance has seldom been reported to occur (28) .
Nitroxolin and spiramycin, two drugs not previously tested against Nocardia, were active against more than 66% of the strains by the disk diffusion method, and the MICs of both drugs by the broth microdilution method were excellent. These findings make these agents good candidates for testing in an animal model in order to determine their usefulness in vivo.
Quinolones such as ciprofloxacin, enoxacin, ofloxacin, and pefloxacin did not show any significant activity against the N. brasiliensis isolates. These drugs have been reported to be Teicoplanin, a relatively new glycopeptide, showed very poor activity against the N. brasiliensis isolates. These results confirm a previous observation of the sensitivities of several Nocardia species to this agent (14) .
The results of the present study show that other antimicrobials may be useful for the treatment of N. brasiliensis infections. Although in vitro activity is strongly indicative of in vivo activity, as has been demonstrated in the case of amoxicillinclavulanic acid, amikacin, and SXT, it is necessary to confirm the potential clinical use of any of these drugs with animal studies. In our in vivo experiments with the murine mycetoma model, we observed that amikacin had very low levels of activity against the development of lesions. Although this drug has been shown to be active against N. brasiliensis in in vitro assays and in patients, it is possible that the drug did not work in mice because it is metabolized very rapidly and does not reach levels in plasma or infected tissue sufficient to inhibit nocardial growth. It would be important to determine the pharmacokinetics of amikacin or any other drug tested in plasma or tissue in this BALB/c mouse model before its effect on the natural course of infection is studied.
As opposed to amikacin, linezolid produced good results in the experimental model, and the results obtained with linezolid were even better than those obtained with the combination of amoxicillin and clavulanic acid, which has been demonstrated to be active against human N. brasiliensis infections. 
